ABSTRACT The effects of UV irradiation at a wavelength of 254 nm on the survival of Campylobacter jejuni on the surfaces of broiler meat, skin, and carcasses were studied. On broiler carcasses, the effects of UV were also studied in combination with activated oxygen. The surfaces were inoculated with varying counts of C. jejuni and treated with UV irradiation using doses ranging between 9.4 and 32.9 mW/s per square centimeter. The log reductions in C. jejuni counts were determined by dilution plating. The effects of both treatments on the sensory quality of broiler meat, including visual appearance, odor, and fatty acid composition, were also evaluated. On broiler meat, the maximum reduction achieved was 0.7 log and on broiler skin 0.8 log.
INTRODUCTION
During recent years, Campylobacter species have been the greatest reported cause of human bacterial gastroenteritis worldwide (Rautelin and Hänninen, 2000; Samuel et al., 2004; Anonymous, 2008a) . According to Finland's National Infectious Disease Registry, the incidence of campylobacteriosis reached 4,107 infections in 2007, which is 668 (19%) more infections than reported in 2006 (Anonymous, 2007a) . One reason for this was a large outbreak in the Finnish town of Nokia in November 2007, associated with the escape of refined wastewater into the water system (Anonymous, 2008b) .
Many epidemiological studies have shown that one of the most important sources of human campylobacteriosis is the consumption and handling of undercooked poultry meat (Rosenquist et al., 2006; Wingstrand et al., 2006) . During the slaughter process, poultry carcasses become frequently contaminated with Campylobacter spp., especially via leakage of the intestinal contents during defeathering and evisceration (Berndtson et al., 1992; Rosenquist et al., 2006) . The nature of poultry processing makes it difficult to prevent crosscontamination between birds and flocks in the slaughterhouse (Borck and Pedersen, 2005) . Therefore, one effective approach to reduce contamination could be to decontaminate the poultry carcasses after processing.
Several methods for the reduction of Campylobacter spp. on fresh broiler carcasses have been studied, for example using steam or hot water in combination with rapid cooling, chilling or freezing of carcass surfaces (James et al., 2007) , spray washing of carcasses with acidified electrolyzed water or sodium hypochlorite solutions (Northcutt et al., 2007) , and chilling of broiler carcasses in cold air or ice water (Berrang et al., 2008) . Another possibility to reduce contamination is UV irradiation, which is commonly used for the decontamination of packing surfaces or in food-processing environments (Corry et al., 1995; Bolder, 1997; Dinçer and Baysal, 2004) . The range of UV radiation that is considered to be germicidal against bacteria is between 220 and 300 nm (UVC), and generally a wavelength of 254 nm is used for decontamination (Guerrero-Beltrán and Barbosa-Cánovas, 2004 ). This range of UV contains high-energy photons that generate pyrimidine dimers and denature bacterial DNA, leading to the destruction of bacteria by degradation of the cell walls (GuerreroBeltrán and Barbosa-Cánovas, 2004) . The benefits of UV irradiation are that it is a nonthermal, chemicalfree process that leaves no residues and the equipment can be easily installed at relatively low cost (Wallner-Pendleton et al., 1994; Wong et al., 1998; Lyon et al., 2007) .
Several studies have been undertaken to investigate the effect of UV irradiation on food items. It reduced Salmonella spp. and Escherichia coli O157:H7 on fruits and vegetables (Yaun et al., 2004) and other microorganisms in some liquid foods (Wright et al., 2000; Guerrero-Beltrán and Barbosa-Cánovas, 2004) . Stermer et al. (1987) found that UV lowered the counts of bacteria commonly found on beef meat, mostly Pseudomonas, Micrococcus, and Staphylococcus spp., whereas on poultry skin and carcasses, Salmonella Typhimurium was diminished (Wallner-Pendleton et al., 1994; Sumner et al., 1996) . In a study by Wong et al. (1998) , UV reduced Salmonella Senftenberg and E. coli on pork muscle and skin. Kim et al. (2002) discovered reductions of Listeria monocytogenes, E. coli O157:H7, and Salmonella Typhimurium on chicken meat after UV irradiation, as did Lyon et al. (2007) on broiler breast fillets for L. monocytogenes. Butler et al. (1987) reported inactivation of Campylobacter jejuni in liquid samples after UV irradiation. However, to the authors' knowledge, there is no information available on the effects of UV irradiation on C. jejuni on broiler meat. Activated oxygen could be another possible agent to decontaminate broiler meat. Activated oxygen can be created from ordinary oxygen through the addition of energy (natural or generated), which changes the momentum of the electrons in the oxygen, or the oxygen becomes ionized (Seo et al., 2001; Arnold and Mitchell, 2002) . Activated oxygen has oxidizing effects on the ions in lipids and on amino acids in bacteria, which leads to degradation of the cell walls. When the ions react with water vapor, the hydroxyl created destroys the DNA of the bacteria (Seo et al., 2001; Arnold and Mitchell, 2002) . The use of UV irradiation in combination with activated oxygen could potentially be an effective method for reducing bacteria on broiler meat. However, the effects of activated oxygen alone or in combination with UV irradiation on C. jejuni on broiler meat have not been previously studied.
The objectives of this study were to determine a) preliminarily the effects of UV irradiation on C. jejuni inoculated on agar plates and b) the effects of UV irradiation on C. jejuni inoculated onto the surfaces of broiler meat, skin, and carcasses. In addition, the effects of UV irradiation in combination with activated oxygen on C. jejuni inoculated on broiler carcasses, and the effects of the treatments on the sensory quality of broiler meat, have been determined.
MATERIALS AND METHODS

Bacterial Strain
A C. jejuni strain E1 1347 was used in all experiments. The strain has been isolated from broiler cecum content at a broiler slaughterhouse. It has been identified according to a modified method of the National Committee of Food Analysis (2007). The strain was maintained at −75°C in Brucella broth (02-042, Scharlau Chemie, Barcelona, Spain) containing 15% glycerol.
Preparation of Inoculum
To prepare the bacterial suspension to be used for inoculation of agar plates and of broiler meat and skin, the cells from the frozen stock were plated onto Campylobacter blood-free selective medium (modified CCDAPreston, mCCDA; CM0739, Oxoid, Hampshire, UK) containing CCDA selective supplement (SR0155, Oxoid) and incubated at 42 ± 1°C for 22 ± 2 h under microaerobic conditions (5% O 2 , 10% CO 2 , and 85% N 2 ) obtained by CampyGen Compact (CN0020C, Oxoid). After incubation, the resulting growth was suspended into 10 mL of physiological saline (0.85% NaCl). To create the 100-mL bacterial suspension to be used for inoculation of broiler carcasses, the cells from the frozen stock were grown on mCCDA (Oxoid) as described above. The resulting growth was first suspended into 10 mL of buffered peptone water (BPW; LAB46, LabM, Lancashire, UK), and then 1 mL of this suspension was resuspended into 99 mL of sterile BPW (LabM).
Inoculation
Agar Plates. Trypticase soy agar II with 5% horse blood (212099, BD, Franklin Lakes, NJ) was used in this experiment. One milliliter of the inoculum prepared in physiological saline was serially diluted in 9 mL of physiological saline (dilutions from 10 −1 to 10 −6 ), and 12 spread plates from each dilution were prepared.
Broiler Meat and Skin. Fresh broiler meat with or without skin packed in a modified atmosphere was purchased from a local supermarket. One package of meat was used per experiment and was determined to be Campylobacter-free by the enrichment PCR method as described in Katzav et al. (2008) . Skin samples were cut from the thigh pieces and the meat samples from boneless, skinless breast fillets. The samples were aseptically excised with sterile knives and cut into 2 × 2 cm pieces (4 cm 2 ) to a thickness of about 0.5 cm. The samples (10 per experiment) were placed flattened out on the bottom of sterile small Petri dishes. The skin samples were placed with the follicle surface up and the meat with the outer surface up. The sample surfaces were flamed with a Bunsen burner for about 5 s and cooled at room temperature for 5 min. Then the samples were inoculated by spreading a 100-μL aliquot of the inoculum prepared in physiological saline evenly over the entire surface of each sample. The samples were allowed to dry for 15 min before exposure to UV.
Broiler Carcasses. Refrigerated fresh broiler carcasses were obtained from a local poultry slaughterhouse. Eight carcasses were used per experiment and were determined to be Campylobacter-free by enrichment PCR (Katzav et al., 2008) . In one experiment, the carcasses were inoculated individually with the 100-mL BPW (LabM) bacterial suspensions. Each carcass was massaged manually with the suspension for 3 min in a big Stomacher 3500 bag (BA6042, LabM). After inoculation, the carcasses were aseptically removed from the bags and allowed to dry for 15 min in a laminar flow hood.
Enrichment PCR
In the studies on broiler meat and skin, 20 g of meat was aseptically placed in a Stomacher 400 bag (BA6041, Seward, Worthing, UK) containing 180 mL of selective Bolton broth (LAB135, LabM) with 5% lysed horse blood and selective supplement (LX132, LabM). The samples were shaken manually for 3 min and incubated at 42 ± 1°C for 22 ± 2 h under microaerobic conditions generated by CampyGen (CN0035, Oxoid). In the studies on broiler carcasses, neck skins (each weighing 5 g) from 4 carcasses were pooled to create 1 subsample in 180 mL of selective Bolton broth (LabM) and handled as above. For a PCR sample, 1 mL of Bolton broth (LabM) was collected after enrichment and centrifuged at 11,300 × g for 8 min. The supernatant was removed carefully and the pellet was frozen at −75°C. The DNA isolation method and enrichment PCR assays were conducted as described in Katzav et al. (2008) .
UV Treatment and Determination of Bacterial Counts
Agar Plates. Three of the 12 spread plates (Trypticase soy agar II with 5% horse blood, BD) prepared from each dilution were not UV-treated (controls) and the other 9 were subjected without a lid to the 3 different doses of UV light (3 plates/dose).
Broiler Meat and Skin. In each experiment, 5 broiler meat and skin samples were not UV-treated (controls) and 5 were UV-treated. One dose was studied per experiment. The tests were replicated 5 times for each 3 UV dose studied. For determination of the bacterial counts, each surface was swabbed with 5 sterile premoistened cotton swabs. The swabs were placed into 5 mL of physiological saline, allowed to soak for 5 min, and removed. One milliliter of the suspension from each sample was serially diluted in 9 mL of physiological saline (dilutions from 10 −1 to 10 −6 ). Three spread plates (Trypticase soy agar II with 5% horse blood, BD) were prepared from each dilution.
Broiler Carcasses. In 1 experiment, 2 of the carcasses were not UV-treated (controls) and the other 6 were subjected to the 3 doses of UV light studied alone or in combination with activated oxygen (2 carcasses/ dose). The tests were replicated 3 times for each of the 3 doses studied. For determination of the bacterial counts, the carcasses were separately manually massaged for 3 min in a Stomacher bag (LabM) with sterile 100 mL of BPW (LabM). One milliliter of the sample was serially diluted in 9 mL of BPW (dilutions from 10 −1 to 10 −6 ). Three spread plates (mCCDA, Oxoid) from each dilution were prepared.
Culture Detection
All plates were incubated at 42 ± 1°C for 44 ± 4 h under microaerobic conditions obtained by GasPak EZ Campy Container System Sachets (260680, BD). The resulting colony-forming units per milliliter were averaged from the triplicate plates. The colonies were identified by colony morphology and Gram staining.
Determination of Reductions
The log reductions in the experiments were calculated by using the following formula: log reduction = log 10 initial concentration − log 10 final concentration. The reductions in single experiments on broiler meat or skin per dose were calculated based on the average colonyforming units per milliliter before (n = 5) and after (n = 5) the UV treatment, and the final reductions were based on the average reductions from the test replications (n = 5). On broiler carcasses, the reductions in single experiments were calculated based on the average colony-forming units per milliliter before (n = 2) and after (n = 2 per dose) the UV treatments alone or in combination with activated oxygen, and the final reductions were based on the averages from the results of the test replications (n = 3).
UV Equipment
In the experiments on agar plates and on broiler meat and skin, a UV irradiator (BIOCID 72 IP67, Oy BIOCID Ltd.) with 4 lamps generating 254 nm of wavelength, 5.5 W of UV effect per lamp, and a fre- quency of 50 Hz was used (Figure 1) . It was placed in a laminar flow hood on metallic stands (height 21 cm) and allowed to warm up for 30 min before the tests. The UV intensity was measured in milliwatts per square centimeter with an UVX radiometer (UVP Inc., Upland, CA), which was calibrated before studies by the UV irradiator manufacturer. The inoculated surfaces received a UV intensity of 2.35 mW/s per square centimeter.
For the studies on broiler carcasses, a UV chamber (Figure 2 ) was constructed by Oy BIOCID Ltd. Three UV irradiator units (BIOCID 110 IP55, Oy BIOCID Ltd.) were mounted inside the chamber walls (made of stainless steel). Each of the units contained 4 lamps generating 254 nm of wavelength, 16.5 W of UV effect per lamp, and a frequency of 50 Hz. A standard plastic broiler meat hook was placed in the center of the chamber, so that the carcasses received UV light from 3 sides (front, left, and right) in the experiments. After 15 min of warming up, UV intensity was measured in milliwatts per square centimeter with a UVX radiometer (UVP Inc.). The carcasses received a UV intensity of about 1.80 mW/s per square centimeter. The UV chamber contained also an active oxygen generator (BIOCID MX1800-E9-IC, Oy BIOCID Ltd.) on the floor of the chamber. The generator was turned on or off by disconnecting the plug from the socket inside the chamber.
UV Doses
The 3 UV doses studied were determined by multiplying the exposure time (s) by the applied intensity (mW/s per square centimeter; kept constant). They were expressed as milliwatts per second per square centimeter. All doses were selected based on the UV equipment manufacturers' suggestion. Exposure times in the studies on agar plates, broiler meat, and skin were 4 s (dose 9.4 mW/s per square centimeter), 8 s (dose 18.8 mW/s per square centimeter), and 14 s (dose 32.9 mW/s per square centimeter), and in the studies on broiler carcasses, 6 s (dose 10.8 mW/s per square centimeter), 10 s (dose 18.0 mW/s per square centimeter), and 18 s (dose 32.4 mW/s per square centimeter). They were measured with a laboratory timer. Each sample was put at the location with the expected intensity and removed immediately after treatment. Ultraviolet intensity at the expected location of the samples was measured for accuracy and repeatability before and after each trial. 
Sensory Analyses
Refrigerated fresh broiler meat fillets with or without skin were purchased from a local poultry slaughterhouse. The samples were treated with UV alone or with UV in combination with activated oxygen in the UV chamber as described above. Treatment times of 10 and 100 s were used (controls not treated). Each test series contained 12 broiler meat samples either with or without skin. After the treatments, the samples were packed in batches of 2 in vacuum bags and were vacuum degassed and stored at 4 ± 1°C. In the sensory analyses, the changes in color and sensory quality, including visual appearance and odor of the samples, were evaluated on d 0, 2, 5, 7, 9, and 12 after the treatments. The fatty acid composition of the samples was measured on d 0, 5, 7, and 12 after the treatments.
The color of the samples was analyzed using a Minolta CR-200 colorimeter (Minolta Co. Ltd., Ramsey, NJ), which was calibrated before the tests. The sample bags were opened and allowed to warm up to room temperature for 15 min. Then the L (relative lightness of the color), +a (redness), and +b (yellowness) values of the samples were measured. From the samples containing skin, the color readings were measured both from the thick and thin parts of the fillets, and from the skinless samples twice from the top of the fillets. The measurements were done in parallels of 2 and averaged.
The fatty acid composition of the samples was determined using method LA0202 (Anonymous, 2007b) with a Hewlett Packard 5890 gas chromatograph (GMI Inc., Ramsey, MN). The fatty acids were identified by comparing the retention times with the retention times of the standard diagram. The results were reported as area percentages of saturated fat, monounsaturated fat, polyunsaturated fat, and unidentified fat by using a ready formula in Excel (Microsoft Corp., Redmond, WA). The ratio between polyunsaturated and saturated fat was also reported.
Statistical Analyses
The statistical differences between the effects of the 3 doses of UV irradiation on broiler meat and skin were determined by ANOVA, in which the initial concentration was used as a covariate. The statistical differences between the effects of the 3 doses of UV alone or of UV in combination with activated oxygen on broiler carcasses were determined by ANOVA. All analyses were performed by means of SPSS 14.0 for Windows (SPSS Inc., Chicago, IL).
RESULTS AND DISCUSSION
In the preliminary test conducted on agar plates, at least a 6.3 log cycle reduction in C. jejuni counts was observed with all the UV irradiation doses studied (data not shown). The greatest concentration of C. jejuni inoculated on agar plates was log 10 7.0 cfu/mL, and thus UV irradiation was very effective in reducing C. jejuni. Butler et al. (1987) reported a similar effect with a 3 log cycle reduction of C. jejuni in liquid samples after treatment with UV dose 1.8 mW/s per square centimeter. Other authors also found UV to be effective in reducing bacteria, like E. coli, Salmonella Senftenberg, Salmonella Typhimurium, Pseudomonas, Micrococcus, and Staphylococcus spp., on agar surfaces (Stermer et al., 1987; Sumner et al., 1996; Wong et al., 1998; Kim et al., 2002; Yaun et al., 2003) .
On broiler meat, the maximum reduction of C. jejuni achieved with UV irradiation was 0.7 log cycles (Table 1) , with a dose of 32.9 mW/s per square centimeter being the most effective. There were statistically significant differences between the effects of the doses 9.4 and 32.9 mW/s per square centimeter (P = 0.030).
The effects of the 3 doses significantly depended on the concentration of C. jejuni initially inoculated onto the meat (P = 0.029), which was variable throughout the test replications (between log 10 6.4 and 7.5 cfu/mL). The lower the initial concentration, the better the reducing capacity of UV irradiation was. On broiler skin, the maximum reduction of C. jejuni achieved with UV irradiation was 0.8 log cycles (Table 1) , with a dose of 32.9 mW/s per square centimeter being most the effective. There were no significant differences between the effects of the UV doses (P ≥ 0.05). In contrast to meat, the effects of UV irradiation did not significantly depend on the initial concentration of C. jejuni (P ≥ 0.05), although this varied (between log 10 6.6 and 7.5 cfu/mL). Ultraviolet irradiation was less effective in eliminating C. jejuni on broiler meat and skin than on agar plates but appeared to be a little more effective in reducing C. jejuni on broiler skin than on meat. One reason could be the dry meat surface due to flaming before inoculation. Ultraviolet irradiation has low penetration capabilities, and maybe in this study the cut edges in the meat created shadows and interfered with the penetration of UV radiation as observed by Lyon et al. (2007) . The meat fibers might have separated when the surfaces were swabbed and allowed the swabs to absorb some of the moisture from below the meat surface. Skin did not seem to change to the same extent after flaming, and the bacteria might not have been able to enter the skin as much as the meat. Wong et al. (1998) also reported a more effective reduction of bacteria on pork skin than on meat. The reductions achieved with UV irradiation in earlier studies on meat were more effective compared with this study. Stermer et al. (1987) found that UV reduced the bacteria commonly present on the surface of beef meat about 2 log cycles. Wong et al. (1998) reported that with UV, maximum logarithmic reductions for Salmonella Senftenberg on pork muscle were about 2.0 and on pork skin about 4.6, whereas for E. coli they were about 1.9 and about 3.3, respectively. Kim et al. (2002) discovered up to 1.3 log cycle reductions of L. monocytogenes, E. coli O157:H7, and Salmonella Typhimurium on chicken meat after UV treatment, and Lyon et al. (2007) showed about 2 log reductions of L. monocytogenes on broiler breast fillets. The lower doses used in the present study and the testing of other bacteria than C. jejuni might explain the differences. However, the present results on broiler skin are similar to a study by Sumner et al. (1996) , where an 80.5% reduction of Salmonella Typhimurium Table 4 . Lightness (L), redness (+a), and yellowness (+b) color values (mean ± SD) of untreated and UV-treated in combination with activated oxygen (AO)-treated broiler fillets with skin after 100-s treatment times (n = 4) Table 5 . Unknown (U), saturated (S), monounsaturated (M), and polyunsaturated (P) fatty acid compositions (area percentages) and the ratio between polyunsaturated and saturated fat (P:S) of untreated and UV-treated in combination with activated oxygen (AO)-treated broiler fillets without skin after 100-s treatment times (n = 1) on poultry skin was found after UV treatment with a dose of 2,000 μW/cm 2 . In our study, the maximum percentage of reduction on broiler skin was 85.3%.
On broiler carcasses, the maximum reduction of C. jejuni achieved with UV irradiation was 0.4 log cycles (Table 2) . A 61% reduction in Salmonella Typhimurium counts on poultry carcasses was observed by Wallner-Pendleton et al. (1994) , which is almost similar to our study in which the maximum percentage of reduction on broiler carcasses was 62.7%. It might be that the uneven shape of a carcass creates shadows on the surface, where UV irradiation with its low penetration capabilities does not reach (Lyon et al., 2007) . The effects of UV irradiation on C. jejuni strains of different origin and at different growth stages might differ greatly (Yaun et al., 2003) . The initial concentration of the present inoculants was greater than expected to occur on naturally contaminated carcasses at the slaughterhouse. Aho and Hirn (1988) studied the prevalence of Campylobacter spp. in the Finnish broiler chain and found mean log 10 4.5 cfu Campylobacter spp. on the surfaces of fresh broiler carcasses. However, their study was conducted only on 3 carcasses. Thus, more information about Campylobacter spp. numbers on fresh broiler carcasses in Finland is needed.
On broiler carcasses, the maximum reduction of C. jejuni achieved with UV in combination with activated oxygen was 0.4 log cycles (Table 2) . A dose of 32.4 mW/s per square centimeter was the most effective in both treatments. There were no statistical differences between the effects of the different treatment doses studied in either treatment type (P ≥ 0.05). With both treatments, the effects of the doses did not significantly depend on the initial concentration of C. jejuni (P ≥ 0.05), which varied throughout the test replications with UV between log 10 4.5 and 5.3 cfu/mL and with UV in combination with activated oxygen between log 10 5.7 and 6.3 cfu/mL. Using UV alone or in combination with activated oxygen was not as effective in reducing C. jejuni on broiler carcasses as UV was on agar plates and on broiler meat and skin. Activated oxygen did not significantly increase the reducing effects of UV radiation. One reason for this could be the short treatment times used in this study.
No significant differences were found in the color (Tables 3 and 4) and sensory quality (data not shown) of the controls and the samples treated with UV or with UV in combination with activated oxygen. There were also no significant differences in the fatty acid compositions of the controls and the samples (Tables 5 and 6 ). The advantage of UV irradiation having no deleterious effects on the sensory quality of broiler meat has been previously reported by Stermer et al. (1987) , WallnerPendleton et al. (1994) , and Lyon et al. (2007) , too.
In conclusion, UV irradiation alone or in combination with activated oxygen had an effect on the survival of C. jejuni. Both methods do not affect the sensory quality of fresh poultry. However, total elimination of C. jejuni was not achieved. Due to the low infective dose of C. jejuni in humans (Black et al., 1988) , the use of UV irradiation alone or in combination with activated oxygen cannot be recommended as the primary decontamination method for C. jejuni on broiler carcasses. The use of the methods in combination with other decontamination techniques and processing with good processing plant sanitation and hygiene might be more effective in reducing the C. jejuni counts on the broiler carcass surfaces than the use of these methods only. Table 6 . Unknown (U), saturated (S), monounsaturated (M), and polyunsaturated (P) fatty acid compositions (area percentages) and the ratio between polyunsaturated and saturated fat (P:S) of untreated and UV-treated in combination with activated oxygen (AO)-treated broiler fillets with skin after 100-s treatment times (n = 1) 
